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REAL TIME FREQUENCY ANALYSIS OF SIGNALS FROM LASSO CATHETER 
FOR RADIOFREQUENCY ABLATION DURING ATRIAL FIBRILLATION 
By Prashant Yadav, M.S. 
A thesis submitted in partial fulfillment of the requirements for the degree of Master of 
Science at Virginia Commonwealth University. 
Virginia Commonwealth University, 2005 
Major Director: Dr. Martin Lenhardt 
Professor, Biomedical Engineering 
Real time spectrum analysis of signals obtained through lasso catheter during 
radiofrequency ablation of pulmonary vein was performed to determine the channel with 
dominant frequency. Threshold algorithm was used for signals which could be classified 
as type I and type I1 AF. Type I11 AF Signals which were highly fractionated or 
differentiated were evaluated for frequency content by performing Fast Fourier 
Transform. Data from Seven patients was collected and an episode of 180 * 40 seconds 
was recorded and analyzed for each pulmonary vein that showed electrical activation. 
Frequency spectra for one second segment of signal for each channel were determined. 
The frequencies of channels were then compared to determine the channel with highest or 
dominant frequency. In most cases the frequency of a single channel varied erratically 
between 1 to 10 Hz for every subsequent one second segment which made DF detection 
among the channels unreliable and a single channel with dominant frequency could not 
be determined. A five second averaging for each channel did not produce a stable DF 
output and improvement was minimal. The erratic frequency behavior could be attributed 
to the spatial shift of micro- reentrant circuits or temporal variation in waveform over lap 
at the point of detection. To determine the DF more precisely either an increase in 
number of electrode or increase in time segment block for DF calculation is warranted. 
Increasing the time segment block will defeat the purpose of real time analysis thus an 
increase in number of electrode mapping the area of interest would be appropriate to 
resolve the issue. 
CHAPTER 1 Introduction 
Atrial fibrillation (AF) is the most common of all sustained cardiac arrhythmias. In 
atrial fibrillation the atria quiver instead of beating effectively resulting in as much as 30% 
reduction in cardiac output. The likelihood of developing AF increases with age and it also 
occurs in patients with no history of health problems (1). Three to five percent of people 
over 65 have atrial fibrillation. Though atrial fibrillation does not pose an immediate threat 
to a person's life but if left untreated it may lead to sudden cardiac death (SCD). Stroke 
and congestive heart failure are the prime factors in SCD due to AF. Atrial fibrillation 
degrades the quality of life and is associated with a high mortality rate in people of older 
age group. 
Several approaches are used to treat atrial fibrillation which includes drugs therapy, 
electric shock treatment, surgical procedures, radiofrequency ablation and implantable 
pacemakers. Drug therapy is used to slow down rapid heart rate associated with AF or to 
prevent recurrence of AF. In shock therapy, high energy external electric shock is 
delivered to the atria. This has proven to be an effective method in terminating AF when 
medication does not restore normal sinus rhythm. However the reoccurrence of arrhythmia 
after treatment is often seen and these external electric shocks may induce more serious 
ventricular arrhythmias, especially ventricular fibrillation if applied incorrectly and not 
properly timed with the ventricular contraction cycle. Surgical procedures can disrupt the 
electric pathways that generate AF. Such approaches though successful in treating AF are 
associated with surgical morbidity and mortality. Also atrial pacemakers can be implanted 
under the skin to regulate the heart rhythm. 
Recently there has been a surge in treatment of AF through minimally invasive 
technique of Radio frequency ablation. This can be attributed to two main factors; a recent 
understanding that the pulmonary veins and the left atrium may prove to play major role in 
the initiation and maintenance of the atrial fibrillation and the development of tools that 
allow the safe and precise creation of lesions that block conduction, using alternative 
energy sources (2,3). In a seminal study by Haissaguerre et al. (4) it was shown that, in 
94% of patients with paroxysmal AF, the pulmonary veins were source of ectopic foci 
which triggered AF and Radiofrequency ablation with catheter of these ectopic foci has 
proven effective in terminating atrial fibrillation (4-6). 
In this thesis I hypothesize that real time frequency analysis of signals obtained 
from Lasso mapping catheter could be accomplished during RF ablation. This involves 
development and execution of algorithms that allows the signals to be acquired and 
recorded in time domain and at the same time applies signal processing tools to obtain 
frequency domain information. Once the frequency domain information of the signals are 
obtained, dominant frequency for each channel is calculated and these channels are 
compared to get the site of highest frequency discharge or AF driver and RF ablation of 
this driver or high frequency channel might terminate AF. 
Chapter 2 provides an in-detail background of basic electrophysiology and the 
normal conduction mechanism through the myocardial tissue. 
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Chapter 3 discusses role of pulmonary veins in atrial fibrillation and the treatment 
methods as well as the effectiveness of radiofiequency ablation in detail. 
Chapter 4 explains in detail the experimental and methods used in the course of this 
research. 
Chapter 5 provides the results and a discussion of the experimental studies. The 
execution of the program using the data received during ablation procedures on patients is 
discussed in detail. Furthermore the effectiveness of the method is analyzed 
CHAPTER 2 Background 
Normal beating of the heart is a result of regular generation and propagation of 
action potential from sinus node to rest of the cardiac tissue mass. A deviation from this 
normal sinus rhythm is called arrhythmia in which the performance of the heart may be 
drastically diminished. Arrhythmias can occur in the atrium which is termed as supra- 
ventricular arrhythmia or they can occur in the ventricles leading to ventricular arrhythmia. 
Unlike ventricular arrhythmia which can lead to death within minutes of onset, supra- 
ventricular arrhythmia does not pose an immediate threat to person's life but may produce 
complications if left undiagnosed or untreated for a long period of time after its onset. The 
aged population is primarily affected by atrial fibrillation as 80 percent of people with AF 
are above 65 years of age [8]. 
2.1 Supra-Ventricular arrhythmia 
There are various forms of supra-ventricular arrhythmia which disrupt the effective 
pumping of the heart. 
Atrial tachycardia is abnormal rapid beating of heart faster than 100 beats per minute and 
originates fiom a focal area of myocardium. 
Atrial flutter is a tachycardia in which the heart beats are organized due to atrial macro- 
reentry but their rate is between 250 to 350 beats per minute. 
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Atrial fibrillation is a niuch disorganized beating of the heart characterized by continuous 
irregular and chaotic atrial electrical activity with atrial rates greater than 350 beats per 
minute. 
2.2 Different types of Atrial Fibrillation 
Atrial fibrillation is said to be lone or primary when there is no identifiable cause or 
associated abnormalities to explain its existence. AF which occurs intermittently with 
varying frequency and duration from a few seconds to longer episodes (lasting from hours 
to days) is called paroxysmal AF. The instances of lone and paroxysmal AF are found in 
people of younger age group i.e. an age group between 30 and 50. Persistent AF is often 
found in older age groups and this AF becomes the primary heat rhythm. Persistent AF 
does not terminate without the help of electrical or pharmacological cardioversion. 
Neurogenic AF is caused by an imbalance in the sympathetic-parasympathetic regulation 
of the heart. Vagal AF is a sub-classification neurogenic AF in which the vagal response or 
parasympathetic response on the heart is increased which leads to reduction in heart rate 
and shortening of the atrial refractory period. Adrenergic AF is another sub-classification 
of neurogenic AF in which due to stress, such as in fight and flight response, activation of 
sympathetic nervous system takes place and this causes adrenaline release which results in 
increased heart rate. Common causes of AF are shown in section 2.3. 
2.3 Main causes of Atrial Fibrillation 
Cardiac: (9) 
Ischemic heart disease (coronary artery disease) 
Hypertension (high blood pressure) 
Rheumatic heart disease 
Cardiac electrical syndromes (e.g. Wolff-Parkinson-White) 
Pericardial diseases (diseases of the lining of the heart) 
Cardiomyopathy (diseases of the heart muscle) 
Non-cardiac: 
Overactive thyroid gland 
Acute infections such as pneumonia (usually the AF is transient) 
Alcohol (acute and chronic use) 
Pulmonary embolism (blood clots in lung) 
Following cardiaclchest surgery 
Lung cancer 
Chronic pulmonary disease 
2.4 Mechanism of Atrial fibrillation 
For any phenomenon to take place there should be a reason or driving force for its 
initiation coupled with the right kind of environment or conditions which assist its 
initiation and sustenance thereof. Two compelling theories, multiple wavelets and mother 
rotor theory have been used to explain AF. Thus there is a need to understand the cause for 
initiation and sustenance of AF is that an insight into these factors will provide a better 
platform for engineering a right treatment protocol. 
2.4.1 Reentry in AF 
The reentry circuit in AF can be either of anatomical reentry or functional reentry form. 
Figure 2.1 Reentry is formed from a wavebreak. A wave without break (Al) reaches 
boundary and disappears (A2). A broken wave (Bl) curls to form a rotating wave (B2) 
The reentry circuit in AF can be either of anatomical reentry or functional reentry form. 
(Krinsky Valentin: Qualitative theory of reentry. In Zipes DP, Jalife J ,  Eds: Cardiac 
Physiology: From Cell to Beside. Philadelphia, Saunders, 2000, pp 321) 
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Anatomical reentry circuit can be explained by the circus movement concept of AF as 
proposed by Lewis et al. [lo]. According to circus movement concept the wave 
propagating in the cardiac tissue on encountering an anatomical obstacle would break, 
since the anatomical obstacle is non-conducting. If the refractory period of the tissue is 
short and if there happens to be a unidirectional conduction block then this wave might 
circle around the anatomical obstacle where the head of the excitation chases refi-actory 
tail. This circuit will continue to sustain itself indefinitely if following condition is 
satisfied. 
Conduction VelocityJPath length >Em. 
Where ERP is effective refractory period during which a conducted response cannot be 
elicited or where a local response can be elicited but it cannot be conducted or propagated. 
This circuit then overdrives the hearts automatic pacing site the SA node and thus the 
heart starts fibrillating. 
In functional reentry as demonstrated by Allessie et al. in 1973 [ l  11 a wave can beak and 
form a reentrant circuit in absence of an anatomical object. A wave without break reaches 
the boundary and annihilates while a wave which is broken at some point might curl on 
itself and from a reentrant circuit. The reentry could be thus formed by a wave either 
hitting refractory area of previous excitation or two perpendicular waves may collide and 
break to form a reentrant circuit. 
Figure 2.2 Transformation of a wavebreak into a spiral. Two waves propagating upward 
are shown (A). Excited areas (wave fronts) are in black; refractory areas are hatched. Wave 
2 lags behind, its front contacts nonrefractory tissue (B), and then curls Ollt (C) to form 
reentry. D, Trajectory of reentry. (Krinsky Valentin: Qualitative theory ofreentry. In Zipes 
DP, Jalife J,  eds: Cardiac Physiology: From Cell to Beside. Philadelphia, Saunders, 2000, 
PP 322) 
2.4.2 Multiple wavelet theory 
This theory of AF mechanism was proposed by Moe et al. in 1962 (12). According to the 
theory, when an inhomogeneous substrate was present i.e. when the conduction medium 
was in such a state that some its components has recovered while others remained partially 
or h l ly  refractory, then a wavefront traveling in such medium would break into small 
fragments and will continue to exist producing daughter wavelets and hence give rise to 
chaotic activation in the medium which leads to AF [12, 131. For this phenomenon to take 
place there are some prerequisites like, non uniform distribution of refractory period , the 
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tissue area should be sufficiently large and short refractory period of the medium or 
relatively slow conduction velocity [14]. 
2.4.3 Mother rotor theory 
In this theory vortices of electrical waves (spiral waves) could be formed as supported by 
functional reentry. These vortices are called rotor which are self sustaining. The rotors 
could be stationary or could drift and finally get anchored to anatomical heterogeneities in 
the cardiac tissue. These rotors are viewed as drivers of AF and are relatively stationary 
vortices rotating around an excitable media but with an unexcited centre or core. The 
drifting rotors could give rise to complex excitation pattern seen in AF and could also 
sustain AF by uninterrupted period activity which activate atria at higher frequencies [14, 
15, 16, 17, 18, 191. 
2.5 Electrogram morphology and Atrial fibrillation 
AF can be classified by their electrograms morphology. In 1978 Wells et al. classified AF 
in four different types. Type I AF electrograms had discrete complexes with variable 
morphology which were separated by distinct isoelectric baseline. Type I1 AF was similar 
to type I AF in that it had beat to beat complexes of varying morphology but the baseline 
in type I1 had perturbations of varying degree. 
Single Potentials A 
Short Double Potentials 1 
Fragmented Potentials 1 
Figure 2.3 Classification of unipolar electrograms as recorded during AF. Single potentials 
are characterized by a single large negative deflection. Short-double potentials exhibit two 
negative deflections (the amplitude of the smallest being 125% of the largest) separated by 
<10 ms. Long-double potentials are composed of two potentials separated by an interval of 
>10 ms. Fragmented potentials show multiple negative deflections resulting in a prolonged 
duration of the activation complex. All unipolar electrograms were recorded by a spoon- 
shaped mapping electrode (244 electrodes) positioned on the epicardium of the right atrial 
free wall, with a silver plate in the thoracic cavity as a common reference 
electrode.(Konings KTS, Joep LRM Smeets, Olaf C. Penn, Hein JJ Wellens, Maurits A. 
Allessie. Configuration of unipolar atrial electrograms during electrically induced atrial 
fibrillation in humans. Circulation 95 (1 997), pp 123 1-41) 
In type I11 AF the electrograms were highly fragmented or fractionated and showed no 
discrete complexes or isoelectric baseline. Type IV AF was a combination of Type I11 AF 
and other AF types (20). In later studies type IV AF was not considered as a different AF 
but a spatiotemporal variation of other AF types. 
The electrograms in type I and type I1 AF were pretty much expected and explicable but 
the occurrence of fractionated electrograms was a new observation to be explained. Animal 
study on canine heart by Gardner et al. (21) showed that fractionation was a result of 
summation of extracellular currents occurring at disparate times and occurred at places of 
slow conduction areas in cardiac tissue. The direction of impulse propagation on the 
fractionation observed in electrograms was such that it decreased or increased as a result of 
directional changes i.e. a change in direction of impulse propagation was registered in 
terms of increase or decrease in fractionation of electrograms. 
The property of tissue showing fractionated electrograms was studied and it was shown 
that repetitive and asynchronous nature of these electrograms was due to propagation of 
impulse in an anisotropic tissue (22, 23) or spatial dispersion in refractory period. Thus 
these areas of slow conduction may be critical to reentry. The fractionated electrograms 
during AF represent a site for reentry where fractionated morphology is a result of either 
multiple wavelets entering the same site at different times or continuous reentry of a 
fibrillatory wave at the same site (24, 25). In radiofrequency ablation of AF target sites for 
ablation are judged on the basis of electrograms obtained from different types of catheters 
places in the atrium. Depending on the morphology of these electrograms decision is 
reached as to ablation should be performed or not. Since the site of fractionated 
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electrograms may represent the site of reentry of wavelets or rotor in AF, therefore 
detecting these sites and ablating them provides a better outcome during RF ablation (26). 
The ablation of these sites eliminates AF probably by damaging the path of reentry and 
thus modifying the substrate responsible for AF initiation or maintenance. 
The fractionated electrograms represent a region of reentry and spectral analysis of these 
electrograms has been used to determine their frequency components during AF. In the 
frequency spectrum obtained by performing FFT on these time domain signals, frequency 
with highest amplitude is considered as dominant frequency (DF) of that electrogram. The 
spatiotemporal periodicity of these activation patterns were verified by DF maps in animal 
studies (15). In a study by Lazar et al. (27) it was shown that in humans left to right 
frequency gradient exists during Paroxysmal AF and these finding agree with animal 
studies in that during Paroxysmal AF the posterior LA may serve an important role in 
maintaining induced AF. Thus spectral analysis of electrograms can provide frequency 
information which can be used for estimation of suitability of a target for ablation during 
RF ablation procedure. 
CHAPTER 3 Role of Pulmonary vein in Atrial Fibrillation 
In recent studies it has been shown that area in and around pulmonary vein in the 
left atrium in most of the patients act as a source of high frequency impulse discharge site 
during paroxysmal AF. In this chapter a detailed discussion of role of pulmonary vein in 
initiation and maintenance of AF is presented. 
3.1 Atrial fibrillation and Pulmonary vein 
The pulmonary veins enter into the posterior section of the left atrium carrying oxygenated 
blood from the lungs. The pulmonary veins ostia have been a topic of much discussion 
lately because of their supposed role as a site for initiation and maintenance of AF. 
In recent studies it has been shown that LA plays a major role in acting as a substrate for 
initiation and maintenance of paroxysmal AF (4). More specifically the pulmonary veins 
and their ostia have been shown to be the site of high frequency electrical discharge that 
may initiate and or sustain AF. 
3.1.1 Anatomy of pulmonary vein 
The understanding of anatomy of pulmonary vein and PV-LA junction is pivotal in 
understanding the electrophysiological characteristics of this region which may play an 
important role in providing a substrate during paroxysmal AF. 
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The venous wall is comprised of thin irregular endothelium which is smooth muscle with 
fibrous adventitia. Some earlier studies by Nathan and Burch et al. (28,29) showed that the 
left atrial tissue extended into the pulmonary veins. This LA tissue extensions or sleeves in 
the vein were of variable length with a mean extension length of 13mm and maximum 
extension observed was 25mm. It was also seen that the sleeves were more developed in 
the superior veins than in inferior. Ho et al. (30) showed that the veins consisted of an 
inner wall of thin endothelium and a thick fibrous adventitia. The diameters of the 
pulmonary veins are approximately 1 cm k 0.5. The myocardial sleeves are longer in the 
superior veins and they are thickest at the venoatrial junction with a thickness of lmm and 
then it tapers toward the lung hila. The distributions of thickness of these sleeves are not 
uniform inside the vein with superior veins being thicker inferiorly and the inferior veins 
being thicker superiorly. In the superior veins the left superior pulmonary vein (LSPV) had 
longer length of sleeve than the right superior pulmonary vein (RSPV). The myocytes in 
the sleeves are in circular or spiral arrangement and interconnected with each other and 
also with other longitudinally and obliquely oriented fibers. There are gaps in these sleeves 
even at the venoatrial junction which are filled up with fibrous tissue of venous wall. (30) 
3.1.2 Pathophysiology of pulmonary vein 
Studies have also documented that there are significant differences in certain histological 
appearance of myocardium in PV like higher frequency of discontinuity, myocardium 
hypertrophy and higher degree of PV myocardium fibrosis in patients with AF. The role 
played by fibrosis could be such that it isolates the clusters of myocyte in the PV and this 
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may reduce electrotonic inhibition by the reduced myocyte coupling, thus facilitating 
automaticity. Increased fibrosis with age might give a link between greater numbers of AF 
instances found in people of higher age group (31). Thus poor coupling of myocytes, 
fibrosis and cellular hypertrophy might slow the electrical conduction property of atrial 
tissue in PV and provide a suitable substrate for local reentry within PV. In a study by 
Masani F. (32) on pulmonary veins of rats, it has observed that some of the cells in the 
myocardial layer of pulmonary vein were similar to those of the specialized cells in the 
sinus node in their ultrastructure characteristics. Thus, this resemblance of the cells in 
pulmonary myocardial layer of rats to pacemaker cells of SA node suggests that these cells 
might have the potential pacemaking capabilities. 
3.1.3 Electrophysiology of Pulmonary vein. 
The electrophysiology of pulmonary vein leading to initiation of AF and its sustenance is 
not clear. There are two contesting theories which indicate possible scenarios. 
3.1.3.1 Reentry circuit 
The conduction delay in myocardial tissue in and around the pulmonary veins acts as a 
substrate for micro-reentrant circuit. These conduction delays are caused by sudden change 
of fiber direction and their complex arrangement (33). A study by Jais et al. (34) showed 
that the pulmonary vein in patients with AF have shorter effective refi-actory period (ERP) 
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than subjects without AF. These conditions of short ERP and slow conduction delays in 
PV make it a suitable substrate for AF. In recent animal models Hocini et al. had 
demonstrated that there were zones of conduction delays in PV. These conduction delays 
could be related to sudden change in fiber direction as explained by the correlation of 
conduction delay to fiber rotation (33). It was observed that the greater the degree of 
rotation of fiber the greater the conduction delay. These patches of conduction delay or 
anisotropy in the PV tissue may facilitate the reentry mechanism. Hamabe et al. had 
documented that there are conduction blocks usually observed in anterior PV-LA junction 
(35). These conduction blocks may play a role in initiation and sustenance of reentry. Thus 
it becomes evident from these experiment findings that the pulmonary vein anatomy and 
electrophysiology yields sufficient reason to believe that area in and around the PV can act 
as a substrate for reentry. A theory that unifies focal trigger and reentry might be stated as 
the focal trigger can be maintained as reentrant circuit in PV. In a study of AF in perfused 
sheep heart by Mandapati et a1 (1 6) microreentrant sources were shown to be the cause of 
initiation and maintenance of AF and 80 % of the time these microreentrant circuits were 
found to be present in or around the PV ostium. The mechanism of AF in animals might 
differ from that of the human because of different cardiac tissue properties. 
3.1.3.2 Ectopic Foci 
Several studies suggest that AF might be triggered by ectopic foci found in the PV. In AF 
with venous foci, AF can be initiated by short burst of ectopic activity or by repetitive 
discharge from foci. Repetitive focal discharge has irregular cycle length. In ablating these 
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ectopic sites the earliest site of maximum spike is ablated first. The complexity of 
pulmonary vein foci is increased by its deep origin, irregular firing and complex delayed 
conduction in LA (36). Thus it can be said that a combination of these ectopic foci and 
reentrant phenomenon could also be responsible for AF initiation and maintenance in some 
cases. In studies relating to radiofrequency ablation for AF treatment, ablation of these foci 
resulted in termination of AF (4, 6). 
Left Atrium I Left Atrium 
Figure 3.1 Schematic representation of proposed mechanism of initiation of paroxysmal 
atrial fibrillation by rapid ectopic discharges. (A) Rapidly succeeding wave fronts 
emanating from an ectopic focus in the left superior pulmonary vein (LSPV) invade the 
left atrium. Arrows indicate direction of propagation. (B) When conditions of 
heterogeneity are appropriate, the wave fronts break and initiate two counter-rotating 
vortices (curved arrows indicate direction of rotation) which, if stable enough, become the 
engines that maintain AF. Alternately (not shown) only one of the vortices survive and 
keeps AF going by generating wavefronts at an exceedingly high frequency (typically -1 5 
Hz in a sheep heart). LIPV: Left inferior pulmonary vein. (Jose Jalife, Omer Berenfeld, 
Moussa Monsour: Mother rotor and fibrillatory conduction: a mechanism of atrial 
fibrillation. Cardiovascular research 54 (2002), pp 204-21 6. 
Canine studies (37) similar to guinea pig studies (38) suggest that the PVs in these animal 
models with and without chronic rapid atrial pacing have spontaneous impulse initiation. 
The slow response APs and spontaneous activity seen in these models are similar to that of 
pacemaker cells. In a histological study (32) of the myocardial layer of the pulmonary vein 
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of adult rats was studied using electron microscopy, it was observed that cells with 
structural features similar to that of sinus node were present among ordinary myocardial 
cells. This may contribute to the pacemaker-like activity. Additionally in an embryological 
study (39) it was seen that in normal cardiac development specific areas of the 
myocardium around the pulmonary vein might provide foci for abnormal atrial 
automaticity. These findings suggest that the sites of automaticity are present in the 
pulmonary vein and might play a role in the initiation and maintenance of AF. These foci 
may sever as triggers for reentry or drivers producing AF by fibrillatory conduction away 
from the high frequency source. 
3.1.4 Rationale for Study 
Since the role of pulmonary vein in initiation and maintenance of AF has been established 
a method devised to determine the highest frequency discharge site in and around the 
pulmonary vein ostia during RF ablation would serve to reduce the time required and the 
number of ablation sites. I proposed a system where the signals obtained from Lasso 
mapping catheter could be utilized to determine the signal with highest frequency 
component. The localization of this signal which actually maps the position of highest 
frequency discharge site or a possible reentry subtrate in terms of electrodes on lasso 
catheter on the pulmonary ostium could provide us with a cue to ablate the AF driver and 
hence might prevent the need to ablate multiple sites and reduce the time of procedure. In 
the conventional system for mapping lasso catheters, the surgeons have to do an online 
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assessment of frequency by using software calipers provided for the displayed signals. The 
complete analysis of signal is done visually. This diverts the attention of the surgeon and 
requires his/ her valuable concentration. The purpose of this system is to address these 
concerns and achieve signal analysis of acquired data in a simpler and more objective 
fashion. 
CHAPTER 4 Methods and Materials 
In RF ablation procedures catheters are used to acquire signals from different part 
of the atrium. The acquired signals are then assessed in terms of their frequency as well as 
morphology for getting an estimate of correct or appropriate sitelsites for ablation. Prior to 
RF ablation Electrophysiological studies are performed to locate the site of high electrical 
activity in a patient having AF episodes. In a typical RF ablation procedure where 
pulmonary veins are targeted for ablation as a result of localization by EP studies, catheters 
are placed at the AV node, coronary sinus and left ventricular pulmonary vein. In this 
study signals were acquired using 10 bipolar lasso catheters which is a special catheter 
designed to acquire signals from the areas in and around the pulmonary veins of patients 
undergoing RF ablation procedure for AF treatment 
4.1 LASSOTM Deflectable Circular Mapping Catheter 
The Lasso catheter (Biosense Webster, CA) is a special circular catheter designed 
to circumferentially map the myocardial tissue in and around the pulmonary vein. 
Pulmonary isolation is achieved by sequentially assessing and ablating the PV potentials at 
the area of interest during therapy. An SF guide sheath is used to deploy the catheter into 
the left atrium (27). The lasso catheter is available in 15, 25, 30 mm curve diameter and the 
length is 1 15cm with a thickness of 2.3 F. A variable curve diameter lasso catheter is also 
available and its diameter can vary from 15mm to 25mrn with electrode spacing of 2-6- 
2mm. The catheter output lead is connected to catheter modules. The catheters modules are 
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then interfaced to the Electrophysiology acquisition system for signal recording and 
display. 
4.2 Cardiolab Amplifier and Acquisition system 
During electrophysiological studies or ablation procedures the cardiolab system is 
used for acquisition, filtering, digitization and amplification of acquired 
electrophysiological signals. 
Cardiolab is a 128 channel data acquisition system that can acquires data at 1000 
Hz, 2000 Hz or 4000Hz. The signals that can be acquired include electro-cardiograms 
(ECG), direct cardiac signals and pressure recordings. The amplification of signals is 
achieved by an array of bio-amplifiers in this system and these bio-amplifiers can be 
programmed for channel gain according to values selected by the user. The gain of the 
amplifier can be adjusted from 50 to 10,000 in 8 settings. For most of the studies the 
amplifier gain was kept at 2500.The range of amplified output signal is * 5 volts. There are 
twenty-four separate differential amplifier pairs, amplifiers for standard twelve-lead 
external ECG and two pressure transducers for arterial pressure monitoring. The amplified 
signals are passed to the Pruka acquisition computer using fiber optic cables to electrically 
isolate the differential amplifiers from shocks up to 900 volts. 
4.3 Pruka Acquisition computer 
The acquisition computer hardware consists of a PC motherboard, expansion cards 
and SCSI drive system. The motherboard has a Pentiurn III processor and runs on Window 
NT 4.0 Operating system. An option is provided in the monitoring software to track the 
channels on the screen and output them to COMMS ISA Expansion Card. A total of 8 page 
settings are provided on the monitor and one of the pages can be selected to be tracked to 
the analog output. The COMMS ISA card communicates with Cardiolab amplifier and also 
outputs analog signals for use by other equipment. The onscreen channels are delivered on 
this output and are available on a break box. 
Module 
station 
Gateway work station, 
1.5 GHz, 512 MB RAM 
Figure 4.1 Real time data analysis setup. 
4.4 Real - time Lasso waveform Analysis System 
The computer used to perform real time analysis on the signals obtained from the Lasso 
catheter was a Gateway Desktop with a 1.5 GHz PentiumTM 4 processor with 512 MB 
RAM. Physiological signals from the Lasso was amplified with the Pruka Cardiolab 
system and the Custom made real-time system was used to sample this signal at a sampling 
rate of 1000 Hz for being fed into the real time analysis algorithms. 
The data was acquired using a DAQ board (M Series NI-6220, National Instruments). This 
DAQ board was inserted into the PC1 slot of motherboard. The board had a 16 analog input 
channels which were used in bipolar configuration resulting in capability of recording 
Eight bipolar channels. The programmable input range of the board was +- 10 V, * 5 V, A- 1 
V per channel and for this study input range was programmed for A- 5 V. The DAQ board 
had six DMA channels for fast data throughput. The A/D conversion resolution was 16 bit 
with a CMRR of 95 dB. The 110 connector of the board was 68 pin VHDCI. The A/D 
conversion time was 7 ps and the maximum sampling rate for signal acquisition was 250 
KHz. The Analog input channels were used in differential mode because the data supplied 
from the analog out of the Pruka acquisition system was in differential configuration. 
Figure 4.2 Differential mode input for NI DAQ 6220 
The advantage of acquiring data in differential mode is that it reduces noise pickup and 
increases common mode noise rejection 
4.5 Algorithm for cycle length or frequency detection 
The signals to be fed to frequency detection algorithm were acquired using National 
Instruments Measurement and Automation software. This software had tools for 
initializing the M Series 6220 DAQ card in terms, providing driver for the card, selecting 
channel configuration, sampling rate for each channel, scanning sequence for these 
configured channels and adjusting input buffer size. The NI-DAQ software offered two 
Application Programming Interfaces, NI-DAQ, NI-DAQmx. This algorithm used NI- 
DAQmx API for signal acquisitions. 
The development and implementation of real-time Lasso Signals analysis during atrial 
fibrillation was a major challenge in this project. The algorithm was coded in LabView 
Version 7.0 student's addition, which is a graphical development environment. 
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In the course of RF ablation procedure for seven patients, data was collected and two 
different algorithms Threshold and FFT-Peak detection were used to display the frequency 
component of the signals for assessing site of highest frequency based on the shortest cycle 
length detected on each channel. The need for two different algorithms arises from the fact 
that during atrial fibrillation the signals from endocardium had different morphologies. For 
a type I11 AF i.e. waveforms with very high fractionation, FFT algorithm might prove to be 
a better tool for accessing the highest frequency component while for the less fi-actionated 
waveforms of type I and type I1 AF the Threshold algorithm developed to give more 
accurate estimate of highest frequency component. 
In both of these algorithms the data where processed in a block of 1000 samples which is 
the sampling rate at which the data were acquired. This sampling rate was more than what 
is required by the Nyquist criterion in which sampling rate should be twice the highest 
frequency of the signal to be acquired. The highest frequency component of the signal that 
was supposed to be detected for analysis of these signals is 10 Hz or a signal cycle length 
of 100 millisecond, since in physiological condition the cycle lengths of interest for cardiac 
signal falls between 1000 ms which equals 60 beats per minute of heart rate and 100 ms 
which is equal to 600 beats per minute of heat rate. 
The data was acquired at a sampling rate of 1000 samples per second. The acquired signals 
were in a range of k 5 V as the analog output of Pruka work station is of this range. These 
signals were scaled to represent a value between 0 to 100 mV as the cardiac 
electrophysiological signal falls in this range. 
4.6 Threshold Algorithm 
This algorithm to calculate cycle length of the acquired signals form each channel relied on 
the amplitude of the waveform. A typical waveform as obtained in the RF ablation 
procedure that requires the use of this algorithm is shown in the figure 4.3. Notice how the 
signals in channels L13, 14 and L15, 16 have an isoelectric baseline and multiple 
activation spikes. Figure 4.4 shows a flow chart schematic of threshold algorithm. 
Figure 4.3 Lasso signals as obtained during RF ablation of the pulmonary vein, intended to 
be detected by threshold algorithm. L1,2 - L19,20 are lasso signals of which 
activity can be seen on L13, 14 to L19,20 and Ll,  2 to L3,4. 
Signal 
Differentiation 
Cycle length 
vi 
Figure 4.4 Block diagram for threshold algorithm 
The implementation of the algorithm is as follows. Signals from each channel had some 
DC component in it. If these DC components in the waveforms were carried onto the next 
processing level then final comparison between channels would have produced erroneous 
results because for each channel depending on the DC components the error in peak 
detection would have been accentuated. This DC component was removed from each 
waveform by calculating the mean of a block of 1000 samples or equivalently one second 
of waveform and subtracting this mean £kom the same block of samples. Thus any DC 
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components were removed from these signals by this mean filtering. Figure 4.5 represents 
the acquired signals after scaling and DC correction. 
Single channel acquired wavefrom 
r. 7 W5"&1". - ... C * . r -  rrr.T 
Time 
Figure 4.5. Signals form lasso after scaling and DC error value correction. The time scale 
is 1000 ms. 
The signals obtained from the lasso catheter showed a positive or negative rise in 
amplitude whenever there was an excitation pulse from the ectopic sites. 
The negative as well as the positive peaks were required to be detected for an accurate 
cycle length calculation. In this algorithm the negative amplitude were converted into 
positive amplitudes in real time by detecting occurrence of any negative potential and if the 
digital representation of this potential was negative a sign reversal was done hence all the 
negative potentials were converted into positive potentials. A representation of the signal 
after this procedure is given in figure 4.6 
1\11 positive sided wavefrom (Sign conversion) 
r p+ a - ~  
Figure 4.6 Negative portion of the signal was made positive by sign inversion of the 
incoming signal. The time scale is 1000 ms 
For distinguishing the peaks of a waveform in time domain, the significant amplitude rise 
should be somehow made more prominent from the non significant amplitude rise. This 
need for isolating the significant amplitude peaks was realized by differentiating the input 
waveform for each channel with a time interval of 0.005 seconds. This differentiation 
accentuated the peaks of the waveform. After differentiation of this signal, the waveform 
was similar to the one depicted in figure 4.7 where negative peaks are seen as a 
consequence of differentiation of the falling edges of the positive peaks. 
Differentiation of the acquired wawfrom 
r...L-T,<...r..; 
2000 - 
Figure 4.7. Differentiated waveform which accentuates the peaks of given signal. The time 
scale is 1000 ms. 
The reduction of computational complexity is further achieved by clipping the data, 
obtained after differentiation, below the zero baseline. To detect relevant peaks in each 
once second block of data thresholding was done. To set threshold for the data, maximum 
peak amplitude value in one second block was determined and only those values which 
were greater than one third of the maximum detected amplitude value were considered as 
activation potential peaks while the other values in the block were set to zero (figure 4.8). 
Time 
. . 
Figure 4.8 Shows a block of data after being peak detected. The time scale is 1000 ms. 
The peaks obtained after thresholding were then passed though another threshold at which 
any peak detected within 100 sample of previously detected peak were neglected and 
detection of peak was restored only after 100 samples. In short after any peak detection 
consecutive peak detection was restored only after 100 samples. This is consistent with the 
assumption made here that signals of cycle length less than 100 milliseconds were 
physiologically insignificant. 
This cycle length calculated in one block of data were then averaged to calculate the mean 
cycle length for one second of data or one block of data. The calculated cycle length was 
transformed into frequency by inversion. Frequency of each channel for duration of one 
second was calculated and these frequencies were then compared to indicate the channel 
with highest frequency. In the figure shown below average of frequencies for five seconds 
of data are plotted for each channel where each bar represents one channel and the height 
of the bar represented the average frequency value. 
Waveform Grwh 
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Figure 4.9 Bar Plot of channels and their frequencies taking five second average for each 
channel. The X axis shows the channel number from 0-7 and the Y axis shows 
five second frequency averages of these channels. 
Frequencies detected by this method were validated visually by looking for peaks in data 
files of the acquired waveform for a relevant number of samples. Criteria similar to the one 
observed in this algorithm for peak detection was used for manual analysis. The 
frequencies detected online by the above algorithm were in accordance to the frequencies 
for the same signal calculated offline. A visual cue is to look for the calculated frequency 
displayed on the monitor in numerical form and compare it with the number of valid 
activations in the adjacent display of the waveform. The highest frequency obtained by 
threshold algorithm for each channel was displayed on the front panel where an array of 
LEDs representing each channel was shown (figure 4.10). 
Figure 4. r u. I ne eight LEU - s represent eight electrodes of Lasso ~atheter. The 
illuminated LED represented electrode with highest frequency. 
4.7 Algorithm Using FFT 
This algorithm was used to find out the highest frequency component of a waveform when 
the morphology of the acquired signal was highly fractionated. Note the morphology of 
signals of channels L3, 4 and L5, 6 in figure 4.1 1 the isoelectric baseline is replaces by a 
wavering baseline and the signals have highly differentiated peaks which cannot be 
distinguished. 
b r a  0; 1 
Figure 4.1 1 Lasso signals as obtained during RF ablation of the pulmonary vein, intended 
to be detected by Fast Fourier Transform algorithm. L1, 2 - L19, 20 are lasso 
signals of which activity can be seen on L3,4 to L5,6. 
Similar to the threshold algorithm the DC component of the signal was removed by 
subtracting the signal form its mean value. The signal was then band pass filtered in the 
range of lower cutoff frequency fL = 1.0 Hz and high cutoff frequency of fH = 10 Hz 
digitally by employing 7th order Butterworth filter. FFT has been extensively used to 
analyze the frequency component of biological signals. FFT is an extremely efficient 
algorithm used to compute 
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Figure 4.12 Block diagram for Fast Fourier Transform algorithm 
Discrete Fourier Transform (DFT). The FFT of N samples of data gives an output of N12 
frequency points where the index of the data represents the fiequency of the signal and the 
magnitude of the individual index gives the strength of that fkequency in resolved 
spectrum. The fiequency resolution of the data where Fs is the sampling frequency is given 
by: 
A f = F s l N .  
In the real time implementation of FFT a block of 1000 samples of data or one millisecond 
waveform was used. FFT of this block of data gives a spectrum of frequencies up to 500 
Hz. In this block of 500 data points, each data point represents the magnitude of fkequency 
represented by the index of that data point. The index having highest magnitude is the 
dominant £i-equency in that sample block. The fiequency resolution of this data set was 1 
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Hz. Fast Fourier transform of one second segment was done real time for each channels 
and the dominant frequency of each channel was displayed. 
p7 
FRt 
Figure 4.13 Frequency spectrum of a one second sample of data. Frequency scale is 1000 
Hz 
FFT of one second of data does not prove to be a good estimate of dominant frequency in 
real time analysis because the nature of the waveform that is being analyzed consists of 
spikes for activation. Another option for a better estimation of the dominant frequency 
could be to increase the frequency resolution by calculating FFT of ten seconds of data. It 
was found that there was no significant improvement in detection of dominant frequency. 
The disadvantage of this method lies in the fact that the signal to be analyzed had very less 
energy content. To resolve this problem large segment of data is required which will 
defeat the purpose of real time frequency analysis. The frequencies of the signals form 
different channels were observed to vary erratically which made real-time analysis of the 
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signals difficult. This system could be used to calculate frequencies between signals 
obtained from the lasso electrode if signals of more than five second segments are used 
CHAPTER 5 Results and Discussion 
The assembled acquisition system was used to acquire data from six patients 
undergoing RF ablation for atrial fibrillation treatment at the MCVNCU Cardiac 
Electrophysiology Lab. For each patient approximately 180 * 40 seconds of data was 
recorded. Data from first two patients was used to design ,the real time algorithm for real 
time estimation of frequencies of signals form the lasso. Two different algorithms were 
used to measure the frequencies of signals acquired from these channels. In this chapter an 
explanation of real time data processing and analysis is given as the outcome of system 
realization and a brief discussion of the method used and its limitation is presented. 
5.1 Results 
The real time system was used to display the highest frequency channel from lasso 
catheter. The aim of the study was to be able to differentiate among the signals from the 
lasso catheter as to which one had highest frequency component. The accuracy of the 
frequency detected by the developed algorithm was tested by writing the waveform data 
acquired to an XL worksheet file and then calculating the frequency for each second of 
segment manually. The accuracy of the detected frequency was k 0.5 Hz. . 
Following tables depict the frequency of channels or electrode, which registered activity 
when placed in or around pulmonary vein ostium. Table 1.1 and table 1.3 represent 
frequencies of every one second data for five seconds for RSPV and LSPV respectively. 
Similarly Table 1.2 and table 1.4 represent frequencies averaged over five seconds of data 
for a total of twenty five seconds for RSPV and LSPV respectively. Highest frequency 
component is highlighted in the tables shown below. 
Frequencies obtained using Threshold algorithm 
RSPV Study-0527,5 seconds of data 
TABLE 1.1. Frequencies of Lasso electrodes for RSPV obtained using threshold 
algorithm. Each frequency represents the average of each channel for one 
second. A total of 5 seconds of data was taken. 
LSPV Study - 05 - 27,s  seconds of data 
TABLE 1.2. Frequencies of Lasso electrodes for LSPV obtained using threshold 
algorithm. Each frequency represents the average of each channel for one 
second. A total of 5 seconds of data was taken. 
RSPV Study - 05 - 27,25 seconds of data 
TABLE 1.3. Frequencies of Lasso electrodes for RSPV obtained using threshold 
algorithm. Each fiequency represents the average of each channel for five 
seconds. A total of 25 seconds of data was taken. 
LSPV tudy - 05 - 27,25 seconds of data 
TABLE 1.4. Frequencies of Lasso electrodes for LSPV obtained using threshold 
algorithm. Each frequency represents the average of each channel for five 
seconds. A total of 25 seconds of data was taken. 
5.2 Discussion 
5.2.1 Threshold Algorithm 
The aim of this study was the real time comparison of frequencies obtained from each 
electrode of lasso catheter and localization of high frequency electrode or driver for AF. 
The real time realization of this system required that frequency detected for every second 
of data segment for all the channels be compared among themselves and the channel with 
highest frequency be displayed. A channel could be defined as having dominant frequency 
if for consecutive reading its frequency would be highest as compared to all the other 
channels. If the highest channel is to be determined then that particular channel should 
show highest frequency for an extended period of time. Unfortunately the highest 
frequency channel could not be determined as different channels showed highest frequency 
every second. This change in highest frequency every second from one channel to other 
could be attributed to the facts that the waveforms in AF have very irregular cycle lengths 
and also the lasso displacement due to the heart's motion might shift the electrode from its 
previous location. Thus for one time segment the averaged cycle length for one channel 
might be the shortest while at other instance some other channel might have shorter cycle 
length or higher frequency. 
To correct for variability in frequency, frequencies of five second was averaged for each 
channel. As shown in table 1.2 and 1.4 taking five second average of the data did not 
resolve the issue of isolating channel with highest frequency. It appears that the cycle 
length or frequency of each channel varies erratically and longer segments of data would 
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be needed to estimate the channel having highest frequency. Another option to increase the 
resolution of the system is to increase the number of electrodes that map the area of 
interest. There is a ceil limit in the number of electrodes used by the current technology. 
Increasing the data segment for frequency analysis for a better resolution defeats the aim of 
a real time system realization and there is high probability that the source of highest 
frequency must have moved since last data collected. This requirement makes it difficult 
for the current real time system to display faithfully the highest frequency site in 
pulmonary vein during RF ablation. 
5.2.2 FFT Algorithm 
The Fast Fourier Transform of these signals did not produce the desired results as the 
signal is spiky and the energy content of the signal was such that in frequency domain 
there were multiple peaks of similar magnitude resulting in difficulty of peak resolution. 
Since this was an inherent signal property that could not be resolved, accurate estimation 
of highest frequency region or driver could not be obtained through this method. Again 
taking longer segments of data would have been a possible solution but this defeats the 
purpose of real-time realization of the system as proposed by this study. The less number 
of electrodes present on the mapping catheter i.e. total of 8 electrodes increases the 
requirement of longer segments of data. In studies conducted till date higher electrode 
density and catheter stability have been documented for a more accurate localization of 
high frequency discharge area (40) 
5.3 Conclusion 
The real time frequency domain analysis of electrograms obtained from lasso catheter 
during RF ablation of pulmonary veins in paroxysmal AF was achieved using the 
assembled system. The electrograms were compared for highest frequency to determine or 
isolate the channel with dominant frequency. This analysis revealed that different channels 
showed ,the shortest cycle length or the dominant frequency at different instances, thus 
making it impossible to isolate a single channel to be considered as a source of highest 
frequency. A non-uniform pattern of dominant frequency was detected among the 
channels, suggesting that the electrical activity in and around the pulmonary vein might be 
erratic. 
The result of this research has demonstrated the possibility of using real time frequency 
analysis of electrograms for detection of dominant frequency during RF ablation. However 
future studies can improve upon current methods by incorporating increased number of 
electrodes on the catheter to increase the spatial resolution of acquired signals which might 
better the detection of dominant frequency and secondly by altering the current algorithms 
to optimize frequency analysis. 
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